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Ball-screw-driven stages are feed systems that are widely used in industrial equipment such as numerically controlled
machine tools. They require precise position control; however, rolling friction in the ball-screw mechanism deteriorates
its control performance. Therefore, for precise control of ball-screw-driven stages, rolling friction must be compen-
sated. Iterative learning control (ILC) is an effective method of friction compensation. However, industrial applications
of ILC are limited because of its vulnerability to task variation, such as variation in position reference. In conventional
studies, projection-based ILC employing basis functions has been proposed to deal with multiple tasks. In this paper,
we propose basis functions for position control of ball-screw-driven stages based on their physical association with
rolling friction. Simulations and experiments validate the effectiveness of our proposal.
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1. Introduction

Ball-screw-driven stages are feed systems that convert ro-
tational motion of motor into translational motion of stage.
Figure 1 shows their schematic view. They are widely used
in industrial equipment such as numerically controlled (NC)
machine tools. In NC machine tools, precise machining is
required for high production quality. Therefore, precise posi-
tion control of ball-screw-driven stages is necessary.

However, this is difficult to achieve due to rolling friction.
Rolling friction can be characterized into two regions, “re-
gion 1” and “region 2”, as shown in Fig. 2. In region 1, rolling
friction is nonlinear and depends on displacement from the
velocity reversal. In region 2, rolling friction is almost con-
stant demonstrating Coulomb friction Tc. A large tracking
error arises near the velocity reversal because of this friction.

Various studies have been conducted to compensate for
rolling friction. The compensation methods are classified into
two types: model-based methods and learning-based meth-
ods. In model-based methods, various models of rolling
friction have been proposed, e.g., LuGre model (1), general-
ized Maxwell-slip model (2), rheology-based model (3), vari-
able natural length spring model (4), and data-based model (5).
These model-based methods require the precise measurement
of rolling friction, and friction models are tuned based on the
measurement data. Rolling friction can be compensated if
these models are well-tuned. However, tuning these models
is time-consuming, and rolling friction is not compensated
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Fig. 1. Schematic view of ball-screw-driven stages

Fig. 2. Characteristics of rolling friction of ball-screw-
driven stages

because it depends on the environment and operating condi-
tions (e.g., mass variation of the workpiece on the stage (6)).

This study adopts the learning-based methods (7). In
learning-based methods, rolling friction is compensated by
repeating the same task. Iterative learning control (ILC) (8) (9)

is one of the learning-based control methods. Standard ILC
(S-ILC) has a disadvantage that relearning is required after
the task is changed. To overcome this problem, studies on
ILC using basis functions called projection-based ILC (P-
ILC) have been conducted (10) (11). In P-ILC, basis functions
are introduced to deal with multiple tasks. In terms of the
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parameter estimation using basis functions, P-ILC is simi-
lar to typical adaptive control (12) (13), with the difference being
the timing of the parameter estimation (10). Typical adaptive
control updates the parameters at each sampling time using
online estimation algorithms, such as recursive least squares
method. On the other hand, P-ILC estimates the parameters
during the interval between trials by using the complete infor-
mation of one trial. Therefore, the persistent excitation con-
dition can be easily confirmed and satisfied in P-ILC. Also,
it can enhance parameter estimation because the number of
available data in the parameter estimation is larger than adap-
tive control.

However, rolling friction compensation was not considered
in these studies. In another study (14), P-ILC was used for sys-
tem and friction identifications of a ball-screw-driven stage,
but it did not consider the displacement dependency of the
friction.

Therefore, in this study, to achieve precise control of ball-
screw-driven stages considering rolling friction compensa-
tion, P-ILC using new basis functions for rolling friction
compensation is proposed. Its effectiveness is demonstrated
through simulations and experiments.

This paper is organized as follows: First, experimental
setup is described in Section 2; S-ILC and P-ILC are intro-
duced in Section 3 and Section 4; simulations and experi-
ments are discussed in Section 5 and Section 6 to demonstrate
the effectiveness of our proposal; and finally, the conclusion
and future work are presented in Section 7.

2. Experimental Setup

2.1 Modeling The experimental setup used in this
study is depicted in Fig. 3. This experimental setup has two
axes, x-axis and y-axis. Only the x-axis is used in this study.
Figure 4 shows the frequency response data from the motor
current i [A] to the stage position x [m] of the x-axis mea-
sured by frequency domain identification (15). In this study,
we only consider the rigid mode, and the nominal model of
this experimental setup is expressed as

Pn(s) =
x
i
=

RKT

Jns2 + Dns
. · · · · · · · · · · · · · · · · · · · · · · · · (1)

Parameters in (1) are shown in Table 1.
2.2 Rolling Friction Rolling friction of the experi-

mental setup is shown in Fig. 5. This data is measured by
ultra-low speed examination and disturbance observer to sup-
press the influence of modeling error. According to Fig. 5,
the range of region 1 and Coulomb friction Tc in Fig. 2 are
identified to be 10 µm and 3.2 N m, respectively.

Note that the “simulation model” in Fig. 5 is only used in
the simulation referred in Section 5 and not used for any con-
troller design.

3. Standard Iterative Learning Control

3.1 Lifted System Representation ILC is one of
the learning-based control methods, which becomes effective
when the same task is repeated. By repeating the same task
and updating feedforward input from the previous trial’s er-
ror, tracking error is gradually suppressed.

First, lifted system representation (8) is introduced. A se-
quential signal of ILC’s one trial w is represented as

Fig. 3. Picture of the experimental setup

Fig. 4. Frequency response from motor current i [A] to
stage position x [m] of the x-axis of the experimental
setup

Table 1. Parameters of the experimental setup

Nominal inertia Jn 0.015 kgm2

Nominal viscosity coefficient Dn 0.1 N m s rad−1

Torque constant KT 0.715 N m A−1

Ball-screw’s lead R 1.91 mm rad−1

Fig. 5. Rolling friction of the experimental setup

w =
[
w[0] w[1] · · · w[N]

]� ∈ RN+1, · · · · · · · (2a)

w[k] = w (kTs) , · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2b)

where N + 1 is the length of one trial and Ts is the sam-
pling time. The convolution matrix P of a discrete-time lin-
ear time-invariant system P is represented as follows:
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Fig. 6. Impulse response coefficient of a discrete-time
linear time-invariant system P

Fig. 7. Block diagram of two-degree-of-freedom con-
trol system. r: position reference, x: position output, P:
linear time-invariant system, CFB: feedback controller, f :
feedforward input, d: disturbance (rolling friction)

P =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

p0 0 · · · 0
p1 p0 · · · 0
...

...
. . . 0

pN pN−1 · · · p0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
∈ R(N+1)×(N+1), · · · · · · · · (3)

where pi (i = 0, 1, . . . , N) denotes the impulse response co-
efficient, as shown in Fig. 6. By using lifted system represen-
tation, the relation between the input i and the output x of the
system P is given by

x = Pi, · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4a)

i =
[
i[0] i[1] · · · i[N]

]�
, · · · · · · · · · · · · · · · · · · (4b)

x =
[
x[0] x[1] · · · x[N]

]�
. · · · · · · · · · · · · · · · · (4c)

3.2 Tracking Error Suppression by Standard Itera-
tive Learning Control Two-degree-of-freedom control
system as shown in Fig. 7 is considered. In Fig. 7, tracking
error e is given by

e = r − x = S r − S P ( f − d) , · · · · · · · · · · · · · · · · · · · · (5)

where S is a sensitivity function:

S =
1

1 + CFBP
. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)

In the jth trial of ILC, by using lifted system representation,
(5) can be rewritten as

e j = Sr j − SP
(
f j − d j

)
. · · · · · · · · · · · · · · · · · · · · · · · · (7)

Here, subscript j denotes ILC’s trial number. In ILC, next
trial’s feedforward input f j+1 is generated from f j and e j as
follows:

f j+1 = Q
(

f j +Le j

)
. · · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)

L and Q are the convolution matrices corresponding to the
learning filter L (z) and robust filter Q (z), respectively. Here,
z denotes esTs .

From (7) and (8), next trial’s tracking error e j+1 is ex-
pressed as

e j+1 = Sr j+1 − SP
(

f j+1 − d j+1

)
= Q (I − SPL) e j + (I − Q) (Sr − SPd) · · · · · (9)

with the assumption that the position reference r and the dis-
turbance d are the same in all the trials:

r � r1 = r2 = · · · , · · · · · · · · · · · · · · · · · · · · · · · · · · (10a)

d � d1 = d2 = · · · . · · · · · · · · · · · · · · · · · · · · · · · · · · (10b)

From the recurrence formula (9), tracking error of ILC
monotonically decreases if (11) is satisfied.

σ (Q (I − SPL)) < 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · (11)

Here, σ (A) denotes the maximum singular value of matrix
A.

Some design methods of the two filters, L and Q, ex-
ist (8), and in this study, L and Q are designed based on fre-
quency response data. In frequency domain approach, ILC’s
monotonic convergence condition (11) denotes that gain of
Q(1 − SLP) is less than 1 for all frequencies.

max
ω

∣∣∣∣Q (
ejω

) (
1 − S

(
ejω

)
L
(
ejω

)
P

(
ejω

))∣∣∣∣ < 1. · · · · (12)

4. Projection-based Iterative Learning Control
for Multiple Tasks

According to the previous section, S-ILC is an effective
method when the position reference r is precisely repeated,
but it has a disadvantage that relearning is required after the
position reference changes. In order to overcome this prob-
lem, studies on P-ILC have been conducted.

In the jth trial of P-ILC, the feedforward input f p
j is pa-

rameterized as follows:

f p
j = Ψ

(
r j

)
θ j, · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (13a)

Ψ
(
r j

)
∈ R(N+1)×nθ , · · · · · · · · · · · · · · · · · · · · · · · · · · · (13b)

θ j ∈ Rnθ , · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (13c)

where Ψ
(
r j

)
is the basis functions depending on the jth

trial’s position reference r j, while θ j is the parameters in-
dependent of r j but depending on the plant P. Superscript p
implies “P-ILC”.
4.1 Selection of Basis Functions
4.1.1 Conventional Basis Functions From (5), when

no disturbance exists (d = 0), feedforward input f to follow
the position output x to the position reference r is expressed
as

f = P−1r ⇒ e = 0. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (14)

Considering the ball-screw-driven stages’ transfer function
P = RKT /

(
Js2 + Ds

)
, (14) can be rewritten as follows:

f =
J

RKT
r̈ +

D
RKT

ṙ. · · · · · · · · · · · · · · · · · · · · · · · · · · · · (15)

Therefore, the basis functions Ψ
(
r j

)
and the parameters θ j

of the jth trial are determined as follows:

Ψ
(
r j

)
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

r̈[0] ṙ[0]
r̈[1] ṙ[1]
...

...
r̈[N] ṙ[N]

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, · · · · · · · · · · · · · · · · · · · · · · (16a)
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Fig. 8. Real characteristics (black solid line) and ap-
proximation (magenta dashed line) of rolling friction

θ j =
[
J/RKT D/RKT

]�
. · · · · · · · · · · · · · · · · · · · · (16b)

In P-ILC, the plant parameters J/RKT and D/RKT are esti-
mated by using S-ILC in each trial.
4.1.2 Proposed Basis Functions for Rolling Friction

Compensation For precise control of ball-screw-driven
stages, rolling friction should be compensated. To consider
rolling friction in P-ILC and make the optimization prob-
lem easy in the next subsection, the rolling friction is ap-
proximated as shown in Fig. 8. The approximation model of
rolling friction d [N m] is expressed as

d (t) ≈ sign (ẋ (t)) ·min

(
2Tc

xμ
xr (t) − Tc, Tc

)

= Tc · sign (ẋ (t)) min

(
2
xμ

xr (t) − 1, 1

)

= Tc · brf (t) , · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (17)

where

brf (t) � sign (ẋ (t)) min

(
2
xμ

xr (t) − 1, 1

)
. · · · · · · · (18)

Here, xμ is a free parameter and xr is a displacement from
the velocity reversal. In this study, xμ is fixed. Therefore, it
is assumed that only Tc is variable. In the proposed P-ILC,
brf (t) is a part of Ψ

(
r j

)
, and Coulomb friction Tc is a part of

θ j.
From the above discussion, the proposed basis functions
Ψ

(
r j

)
and the parameters θ j are determined as follows:

Ψ
(
r j

)
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

r̈[0] ṙ[0] brf [0]
r̈[1] ṙ[1] brf [1]
...

...
...

r̈[N] ṙ[N] brf [N]

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, · · · · · · · · · · · · · · (19a)

θ j =
[
J/RKT D/RKT Tc/KT

]�
. · · · · · · · · · · · · (19b)

The displacement xr[k] is required to calculate brf[k] in the
basis functions. In this study, xr[k] is calculated from the
position reference.
4.2 Parameter Estimation To estimate parameters
θ j+1 for the ( j + 1)th trial of P-ILC, an optimization problem
is solved. According to (7), tracking error of the ( j+1)th trial
is expressed as follows:

e j+1 = Sr j+1 − SP
(
f j+1 − d j+1

)
. · · · · · · · · · · · · · · · (20)

By assuming r j+1 = r j and d j+1 = d j, e j+1 can be predicted
as (21) from (7) and (20) by using nominal plant before the
( j + 1)th trial is done.

ê j+1 = e j − SnPn

(
f j+1 − f j

)
, · · · · · · · · · · · · · · · · · · · (21)

where ê j+1 is the predicted tracking error and subscript n de-
notes the nominal plant’s value. In the same way, the pre-
dicted tracking error êp

j+1 of P-ILC’s ( j + 1)th trial is given
by

êp
j+1 = e j − SnPn

(
Ψ

(
r j

)
θ j+1 − f j

)
. · · · · · · · · · · · · (22)

Here, Ψ
(
r j

)
θ j+1 is the feedforward input calculated when

r j+1 = r j and d j+1 = d j.
In this study, the following optimization problem

min
θ j+1

∣∣∣∣
∣∣∣∣ê j+1 − êp

j+1

∣∣∣∣
∣∣∣∣
2
· · · · · · · · · · · · · · · · · · · · · · · · · · · · (23a)

⇒ min
θ j+1

∣∣∣∣
∣∣∣∣SnPn f j+1 − SnPnΨ

(
r j

)
θ j+1

∣∣∣∣
∣∣∣∣
2
· · · · · · · (23b)

is solved by the least squares method to determine θ j+1
(10).

Note that the unique analytical solution of θ j+1 can be ob-

tained under the assumption that the matrix
(
SnPnΨ

(
r j

))�
SnPnΨ

(
r j

)
is nonsingular, i.e., the position reference r j is a

persistently-exciting signal.
Finally, the position reference is updated to r j+1 and feed-

forward input is calculated as

f p
j+1 = Ψ

(
r j+1

)
θ j+1. · · · · · · · · · · · · · · · · · · · · · · · · · · · (24)

Then, ( j + 1)th trial is done.

5. Simulation

To verify the effectiveness of the proposed method, two
types of simulations are conducted: Case 1 and Case 2. Here
are the conventional and proposed methods:
• Conventional method 1 (S-ILC): S-ILC without any ba-

sis functions.
• Conventional method 2 (Conv. P-ILC): P-ILC using the

conventional basis functions (16).
• Proposed method (Prop. P-ILC): P-ILC using the pro-

posed basis functions (19).
Sampling time Ts is set as 1 ms.
5.1 Conditions
5.1.1 Plant In the simulations, the nominal and sim-

ulation plants are the same as shown in Fig. 4. Therefore,
modeling error is not considered in the simulations.

Rolling friction used in the simulations is shown in Fig. 5.
The range of the region showing nonlinearity is 10 µm and
Coulomb Friction Tc is 3.2 N m.
5.1.2 Feedback Controller Feedback controller CFB

is a proportional-integral-differential controller designed to
have 30 Hz closed-loop multiple poles by the pole placement
method. It is discretized by the Tustin transformation with
sampling time Ts = 1 ms.
5.1.3 Learning Filter and Robust Filter The learn-

ing filter L is designed as a zero phase error tracking con-
troller (16) of the closed-loop model S nPn. In addition, the ro-
bust filter Q is a zero-phase low-pass filter (25).
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Fig. 9. Bode diagram of 1− SLP and Q(1− SLP). NQ in
(25) is set as 16

Fig. 10. Position references (Case 1)

Q (z) =

(
z + 2 + z−1

4

)NQ

, · · · · · · · · · · · · · · · · · · · · · · · · (25)

where NQ is the order of Q (z). Q (z) is realized by Qr (z) with
NQ samples delay compensation of the memory.

Qr (z) = Q (z) · z−NQ . · · · · · · · · · · · · · · · · · · · · · · · · · · · (26)

NQ is set as 16 to satisfy ILC’s convergence condition in the
frequency domain (12). Figure 9 shows the gain of 1 − SLP
and Q(1 − SLP), and (12) is satisfied when NQ = 16.
5.2 Results (Case 1) Figure 10 shows the two types

of position references used in simulations (Case 1). From
the position references shown in Fig. 10, the basis functions
of P-ILC are given as Fig. 11. Here, xμ is set as 5 µm. This
study considers the situation that the states of the system and
rolling friction are initialized during the interval between tri-
als. The initial value of the rolling friction in all the trials is
considered 0 N m. Therefore, the basis function brf (t) starts
from 0 at t = 0 s, see Fig. 11(c). First, “Ref. 1” is used until
the 5th trial of ILC. From the 6th trial, the position reference
changes to “Ref. 2”, to compare S-ILC and P-ILC from the
perspective of robustness to the position reference variation.

The simulation results are shown in Fig. 12, demonstrating
the effectiveness of the proposed P-ILC. Figures 12(a) and
12(b) show the Root-Mean-Square (RMS) error and maxi-
mum error of the jth trial, respectively. Figures 12(c)–12(f)
show the tracking error and feedforward input of one trial
before/after the position reference variation. In addition,
Figs. 12(g)–12(i) show the estimated parameters in the con-
ventional and proposed P-ILC. Here, •̂ denotes the estimated
parameter. Figures 12(j) and 12(k) compare the real value
and the compensation of rolling friction.

5.2.1 Comparison of Conventional and Proposed P-
ILC According to Fig. 12, it can be said that the track-
ing error drastically decreases by using the basis functions
(19). Figures 12(g)–12(i) show that all of the estimated pa-
rameters in the proposed P-ILC converge to values close to
the actual values, while the estimated parameters in the con-
ventional P-ILC do not match the actual values. By adding
a new basis function for rolling friction compensation, the
plant parameters can be estimated correctly. Figures 12(j)
and 12(k) show that rolling friction is compensated well by
the proposed P-ILC. The effectiveness of the proposed P-ILC
is demonstrated.
5.2.2 Comparison of S-ILC and Proposed P-ILC
According to the tracking error and feedforward input af-

ter the position reference variation, shown in Figs. 12(d) and
12(f), it can be said that the proposed P-ILC is robust to po-
sition reference variation, while S-ILC cannot deal with the
position reference variation. However, S-ILC is better from
the viewpoint of tracking error after learning precisely re-
peated position reference, refer to the tracking error of the
5th trial shown in Figs. 12(a), 12(b), and 12(c). The reasons
for a larger tracking error after finishing learning by the pro-
posed P-ILC can be considered as follows:
•Difference between the actual plant parameters and the

estimated parameters in the proposed P-ILC: Especially
in terms of Coulomb friction Tc, the estimated value is
smaller than the actual value. It can be considered that
this difference causes a larger tracking error in the pro-
posed P-ILC.
•Approximation of rolling friction: To consider rolling

friction in P-ILC, it is approximated as shown in Fig. 8.
Therefore, a difference exists between the actual rolling
friction and its approximation model used in the pro-
posed P-ILC. This causes a larger tracking error around
the velocity reversal of the 5th trial, see Fig. 12(c).

5.3 Results (Case 2) To verify the effectiveness of the
proposed P-ILC when the target motion is small and when the
frequency components of the position reference vary, other
simulations (Case 2) are conducted. In these simulations, the
position references as shown in Fig. 13(a) are used. Until the
5th trial, “Ref. 3” is used, while “Ref. 4” is used from the
6th trial. Figures 13(b) and 13(c) show the convergence of
the tracking error, which are similar to those of simulations
(Case 1). From these simulations, the effectiveness of the
proposed P-ILC can be verified.

6. Experiment

6.1 Conditions Experiments are conducted to verify
the effectiveness of the proposed P-ILC. Experimental condi-
tions are the same as those of simulations (Case 1).
6.2 Results Figure 14 shows the experimental results.

Figures 14(a) and 14(b) show RMS error and maximum er-
ror of the jth trial, respectively. Figures 14(c)–14(f) show the
tracking error and feedforward input of one trial before/after
the position reference variation. Also, Figs. 14(g)–14(i) show
the estimated parameters in the conventional and proposed
P-ILC.

The experimental results show the same tendency as those
of the simulation, i.e., the proposed P-ILC is robust to the po-
sition reference variation and achieves precise control. How-
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(a) Acceleration. (b) Velocity. (c) brf (t) defined as (18) (xμ = 5 µm).

Fig. 11. Basis functions of P-ILC for ball-screw-driven stages (Case 1)

(a) RMS error of each trial. (b) Maximum error of each trial. (c) Tracking error of the 5th trial.

(d) Tracking error of the 6th trial. (e) Feedforward input of the 5th trial. (f) Feedforward input of the 6th trial.

(g) Estimated inertia Ĵ. (h) Estimated viscosity coefficient D̂. (i) Estimated Coulomb friction T̂c .

(j) Rolling friction compensation of the 5th trial. (k) Rolling friction compensation of the 6th trial.

Fig. 12. Simulation results (Case 1)

(a) Position References. (b) RMS error of each trial. (c) Maximum error of each trial.

Fig. 13. Simulation results (Case 2)
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(a) RMS error of each trial. (b) Maximum error of each trial. (c) Tracking error of the 5th trial.

(d) Tracking error of the 6th trial. (e) Feedforward input of the 5th trial. (f) Feedforward input of the 6th trial.

(g) Estimated inertia Ĵ. (h) Estimated viscosity coefficient D̂. (i) Estimated Coulomb friction T̂c .

Fig. 14. Experimental results

ever, the experimental results are worse than the simulation
results, see Figs. 12 and 14. When the basis functions are
designed, it is assumed that the vibration mode of the ball-
screw-driven stages is ignored, and rolling friction shows a
constant value in region 2. These assumptions may deterio-
rate control performance. Moreover, according to Fig. 14(i),
the estimated value of Coulomb friction is smaller than the
value measured by ultra-low speed examination. The estima-
tion error also may cause a larger tracking error. To achieve
more precise control of ball-screw-driven stages by P-ILC,
the choice of basis functions and the estimation method of
the plant parameters should be reconsidered.

7. Conclusion and Future Work

For precise control of ball-screw-driven stages, rolling fric-
tion should be compensated. The compensation methods are
classified into two types, model-based and learning-based
methods. S-ILC is one of the learning-based methods. How-
ever, S-ILC can deal with only precisely repeated tasks and
deteriorates when the task is changed. To overcome this
problem, studies on P-ILC have been conducted. P-ILC can
deal with multiple tasks by using basis functions. However,
rolling friction compensation was not considered in previous
studies on P-ILC. Therefore, in this study, we propose P-ILC
using the basis functions for rolling friction compensation.
Simulations and experiments demonstrate that the proposed
P-ILC can suppress tracking error significantly compared
with the conventional P-ILC without consideration of rolling
friction compensation. As future work, modeling of rolling

friction, choice of basis functions, and estimation method of
the parameters should be improved to achieve precise control
of ball-screw-driven stages by P-ILC.
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